The use of animal models in brain aging research has led to numerous fundamental insights into the neurobiological processes that underlie changes in brain function associated with normative aging. Macaque monkeys have become the predominant nonhuman primate model system in brain aging research due to their striking similarities to humans in their behavioral capacities, sensory processing abilities, and brain architecture. Recent public concern about nonhuman primate research has made it imperative to attempt to clearly articulate the potential benefits to human health that this model enables. The present review will highlight how nonhuman primates provide a critical bridge between experiments conducted in rodents and development of therapeutics for humans. Several studies discussed here exemplify how nonhuman primate research has enriched our understanding of cognitive and sensory decline in the aging brain, as well as how this work has been important for translating mechanistic implications derived from experiments conducted in rodents to human brain aging research.
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cognitive aging | nonhuman primates | presbycusis A dvances in medicine, education, and nutrition over the past century have decreased mortality rates in populations across the globe, resulting in longer average life expectancies (1) . Lifespan extensions reflect one of humanity's most remarkable and underappreciated cultural accomplishments as the growing group of older individuals is one of few natural resources not diminishing. One often misunderstood aspect of the normative brain aging process is that while an enormous absolute number of individuals present with a dementing neurodegenerative disease at some time in their life (14% of people over the age of 70 y), the vast majority of people (86%) take healthier cognitive trajectories (2) . Within this 86%, there exist significant interindividual differences in the ability to maintain healthy brain function, or to resist brain disease, across the lifespan (2) (3) (4) .
A major goal within the field of the neuroscience of aging is to determine what factors allow certain individuals to evade neurodegenerative disease, while others succumb to them. Among those who do evade the pathological hallmarks of neurodegenerative disease, it is also of interest to determine why there remains significant individual variation in the quality of cognitive or sensory function across age. Insights into these basic questions are critical for devising strategies to maintain cognitive health in older individuals who fall along all points of the sensory and cognitive aging spectrum.
The ability to uncover the neurobiological changes responsible for dementing neurodegenerative disease requires knowledge of the "normal" trajectory that brain function takes across the lifespan. Animal models of cognitive and sensory aging have enriched our understanding of the mechanisms that contribute to different aspects of healthy brain aging. This is largely due to the availability of technologies in animals that provide a means of dissecting neuronal circuits with superior temporal, spatial, and genetic precision than is possible in humans. Nonhuman animals also do not spontaneously develop dementing neurodegenerative diseases, which eliminates a major confound often encountered in human brain aging research. Because cognitive problems arise relatively late in the progression of these diseases, some participants considered to be aging normally may actually have undetected pathophysiological brain markers during the period when behavioral testing is conducted (5) . Finally, animal models help control for generational effects that sometimes influence human aging research (6) since young and aged animals can be exposed to similar testing and living conditions over the course of their lifespans. For example, a generational effect sometimes encountered in human cognitive neuroscience is differential exposure to technology, such as expertise with computers, between generations that can cause older individuals to perform more poorly than younger people on tasks, regardless of their actual cognitive status (6) .
Nonhuman primates, in particular, have been central and arguably irreplaceable to cognitive aging research due to several critical features unique to these animals. First, monkeys possess cognitive and sensory repertoires that more closely resemble those of humans compared with other animal models (7) . These characteristics allow different aspects of brain function to be tested with similar or even identical tests as those used in humans. Furthermore, cognitive and sensory brain structures in nonhuman primates share many more organizational principles with human brains than do the brains of phylogenetically more distant laboratory animals such as rodents (7-11) ( Fig. 1 ). Both of these points emphasize how nonhuman primates can provide a fundamental link between nonprimate laboratory animals and humans.
Unfortunately, public awareness of the importance of nonhuman primates in neuroscience research as a whole, and their importance in aging research in particular, is limited. The goal of this review is to begin to articulate the reasons that these research animals are a critical component of the experimental enterprise aimed at understanding the process of brain aging and to our quest to discover treatments that optimize brain and cognitive health. While such interventions would increase the quality of life for those individuals on normative cognitive trajectories, they may also result in postponing manifestations of neurodegenerative disease. In particular, this review will highlight studies that have utilized aged macaques to gain network-level and regional insights into age-related episodic memory decline and hearing loss, which are 2 of the most commonly experienced alterations in brain function experienced by older individuals. There will be a particular emphasis on conceptualizing the critical bridge that nonhuman primates provide between behavioral, neuroanatomical, and electrophysiological data obtained in aged rodents and cognitive, psychophysical, and functional imaging data from older humans.
Age-Associated Hyperexcitability in the Hippocampus and Episodic Memory Decline
Episodic memory refers to an individual's recollection of a particular event in place and time and is considered among the most advanced forms of human memory. Compared with other types of memory, episodic memory is particularly vulnerable to the effects of normative brain aging, and a hallmark of Alzheimer's disease is a drastic reduction in the capacity to form these representations (12) . Lesion and functional imaging studies in humans indicate that the integrity of medial temporal lobe brain structures, including the hippocampus, is critical for episodic memory formation (13, 14) . Consequently, age-related deficits in human episodic memory are thought to largely result from structural and functional alterations in these structures, although the precise neurobiological mechanisms involved have been difficult to pinpoint. An important clue to a critical brain change that occurs in aging came from a study that used functional magnetic resonance imaging (fMRI) to demonstrate that the CA3/dentate gyrus region of the hippocampus is more active in older individuals than in younger adults as they attempt to discriminate increasingly overlapping visual stimuli (15) . Importantly, this study also demonstrated that the extent of CA3/dentate gyrus hyperactivation was significantly associated with discrimination abilities in these participants, regardless of age (15) . Distinguishing similar, but nonidentical, experiences is a critical aspect of episodic memory that commonly becomes impaired in older individuals (16) . These findings indicate that aging can lead to a disruption in the activity of circuits within the hippocampus that negatively impacts mnemonic processing.
While fMRI technologies can detect broad changes in activity, they do not provide detailed circuit-level insights into such changes. Studies using electrophysiological and neuroanatomical techniques in aging rats have provided a critical, yet incomplete, window into the neurobiological processes that might result in CA3/ dentate gyrus hyperactivity in older people. Extracellular recordings across various hippocampal subfields have shown that neurons specifically in the CA3 region become hyperexcitable (higher firing rates) in older animals, whereas CA1 pyramidal cell firing rates are not different between adult and aged rats (17) . This finding indicates a cross-species similarity in this ageassociated hyperexcitability between rats and humans (15, 16) . Other studies conducted in the rat hippocampus suggest that a neuronal change that may contribute to this is altered calcium homeostasis in older neurons (18) . This physiological change would be expected to combine with known age-associated increases in L-type calcium channel conductance and calcium release from intracellular stores to result in higher calcium levels in hippocampal neurons of aged rats (19) (20) (21) (22) . The calcium hypothesis of brain aging posits that excess intracellular calcium levels in aging hippocampal cells result in altered cellular metabolism, gene expression, and neurotransmitter release that may ultimately result in mnemonic impairment (18, 23, 24) .
Another observation in hippocampal circuits of aged rats is that there are significantly fewer inhibitory cells both within CA3 and the hilar region of the dentate gyrus compared with younger animals (25) . Importantly, the number of a specific type of interneuron expressing the neuropeptide somatostatin was positively associated with memory function in aged rats (25) . These findings indicate that regional hyperexcitability at the singleneuron level could result from a decreased level of inhibitory neurotransmission in older hippocampal networks. The calcium hypothesis suggests that rebalancing intracellular calcium levels, and perhaps hyperexcitability, by increasing inhibition to control excess neural activity may rebalance circuit activity and help preserve memory function in aging. Consistent with this prediction, normalizing excess neural activity in human participants using an anticonvulsant medication does partially rescue cognitive performance in patients with mild cognitive impairment (26) . These findings exemplify how basic research in animal models of brain aging can reveal neurobiological mechanisms contributing to age-related cognitive impairments that are clinically targetable to maintain cognitive health later in life.
One study was able to bridge the gap between these cellular data in aged rats and imaging data from older humans by combining ensemble electrophysiological recordings with cell typespecific imaging in the medial temporal lobe of cognitively assessed aging rhesus macaques (27) . Adult and aged monkeys underwent a test of object recognition memory. The older animals were shown to be significantly impaired relative to the younger animals ( Fig. 2A ). Tetrode recording probes were advanced individually with a hyperdrive device that allowed the acquisition of single action potentials from hippocampal CA3 pyramidal cells at more superficial depths. When the tetrodes were advanced further into the brain, perirhinal cortical cells were also recorded. Baseline firing rates were significantly higher in the CA3 region, but not in the perirhinal cortex, of the older monkeys compared with the adults, consistent with the regional specificity of the age-associated hyperactivity observed in aged humans (Fig. 2B ). The brains from these animals were then harvested and serially sectioned for immunohistochemical labeling of 2 chemically distinct classes of inhibitory cells: somatostatin-positive and parvalbumin-positive interneurons. Critically, there was a selective decrease in somatostatin-positive interneuron density in the stratum oriens layer of CA3 ( Fig. 2C) . Whether the reduction observed reflects cellular degeneration or a biochemical down-regulation of the neuropeptide somatostatin remains an open question. Regardless, there was a strong negative correlation between the density of somatostatin-positive CA3 interneurons and principal neuron firing rates ( Fig. 2D ). Additionally, fewer somatostatin-positive interneurons and higher CA3 firing rates were associated with poorer cognition ( Fig. 2E ). Conversely, parvalbumin-positive interneuron numbers did not change with age, and they were not associated with firing rates or object recognition memory abilities. This study provides a withinanimal link between age-associated declines in a molecularly defined population of inhibitory cells and principal cell excitability in older hippocampal networks. Together, these findings suggest that age-associated changes in hippocampal inhibitory circuits may lead to CA3 hyperexcitability and circuit dysfunction that impacts memory. These data also provide a possible mechanistic explanation for the excitability observed at the single-cell level in aged rats and in fMRI studies in older humans. One important translational implication of this work is the suggestion that agerelated episodic memory decline may be alleviated by manipulating the function of specific interneuron subtypes to rebalance local network activity.
The Prefrontal Cortex and Medial Temporal Lobe Are Impacted Uniquely by the Aging Process Anatomical studies in aging macaques have provided substantial evidence that the total number of neurons in the prefrontal cortex (28) (29) (30) and medial temporal lobe (31-33) does not change across the lifespan in the absence of neurodegenerative disease. These observations indicate that the neurobiological processes driving functional changes in aged cognitive circuits (e.g., hyperexcitability) likely occur at subcellular levels. While cortical neurons are not lost with age, unbiased stereological assessments indicate that there is a 30 to 60% decrease in prefrontal cortical synapse density with age (34) , and that both excitatory and inhibitory synapses are vulnerable (35) . Additionally, axospinous, axosomatic, and axodendritic spine sizes appear to increase with age in the prefrontal cortex, and the extent of these structural changes in superficial cortical layers was significantly Macaques with object recognition memory deficits display hyperactivity in the CA3 region of the hippocampus that is associated with fewer somatostatin(SOM)-positive inhibitory interneurons. (A) Proportion of correct responses made by adult and aged rhesus macaques performing a delayed nonmatching-to-sample task at different delays. Aged animals were significantly impaired relative to adult animals at the 600-s delay condition. (B) Boxplots of pyramidal neuron baseline firing rates recorded from the perirhinal cortex (PRC) and CA3 in adult and aged monkeys. Baseline firing rates were significantly greater in the CA3 of aged animals relative to the adults. PRC firing rates were not different between age groups. (C) Magnified images of CA3 and PRC SOM inhibitory neurons. SOM interneuron densities were reduced in the stratum oriens layer of CA3 in aged animals, but not in the stratum radiatum or in the PRC. Parvalbumin-positive neuron density was not different between age groups in either region. (D) CA3 SOM neuron densities were significantly negatively correlated with CA3 baseline firing rates. (E) CA3 SOM neuron density and CA3 firing rates showed weak associations with object recognition performance. DNMS, delayed nonmatching-to-sample. *P < 0.05. Reproduced with permission from ref. 27. associated with performance measures on an object recognition task (36, 37) . Hippocampal synapse density has also been carefully examined across the macaque lifespan, with the bulk of this work focusing on synapses formed by perforant path input from the superficial layers of the entorhinal cortex to the inner and outer molecular layers of the dentate gyrus (38) . Unlike in the prefrontal cortex, the density of axospinous synapses, which are the predominant synapse type in the dentate gyrus, remains stable across the macaque lifespan (39, 40) . Despite the apparent preservation of synapses in the dentate gyrus of aged monkeys, the density of perforated synapses in the outer molecular layer of this region was significantly associated with recognition memory accuracy (40) .
Electrophysiological evidence from studies utilizing in vitro slice preparations further indicate that frontal cortical and medial temporal lobe networks are differentially impacted by normative aging. For example, intracellular recordings indicate that pyramidal neurons in the lateral prefrontal cortex become more excitable with age, as reflected by increases in membrane input resistance and action potential discharge to a given stimulation intensity (41) . Furthermore, these electrophysiological changes were significantly associated with performance on an object recognition task (41) . Recordings obtained from awake-behaving dorsolateral prefrontal cortex are inconsistent with these findings in that the firing rates in older monkeys performing a spatial working memory task have been observed to be reduced (42) . Such differences obtained from in vitro versus in vivo electrophysiological recording experiments highlight the impact that modulation from external neuronal networks can have on firing patterns in awake-behaving animals. Additionally, both within and between brain regions, aged neurons can exhibit striking differences in excitability. In awake macaques, prefrontal cortical neurons show reduced firing rates (42) , whereas temporal lobe neurons recorded in the CA3 region show increased excitability (27) , but hippocampal granule cells recorded in vitro show no change in firing rate (43) . Because the impact that age will have on a specific neural network cannot necessarily be predicted a priori, it is essential to examine regions independently as age-related changes in one circuit may not generalize to those observed in another.
Calcium Binding Proteins in the Aged Central Auditory System
Age-related hearing loss, or presbycusis, is among the more commonly encountered alterations in nervous system function in older individuals. Audiometric deficits can result from various insults to the cochlea that diminish this sensory organ's capacity to transduce acoustic information (44) (45) (46) (47) . The data discussed here do not focus on age-associated changes in the cochlea, but rather on the central auditory system's response to a weakened drive from the periphery.
A consistent finding from this work is that decreases in inhibitory neurotransmission at the level of the auditory brainstem (48) (49) (50) , midbrain (50-53), thalamus (50, 54, 55) , and cortex (50, 56, 57) result in both hyperexcitability and changes in the tuning properties of central auditory neurons. Observations of central auditory system hyperexcitability led to the hypothesis that some aspects of presbycusis may result from altered calcium dynamics in aged auditory neurons that could lead to cell dysfunction and excitotoxicity that disrupts network function. As a result, histological experiments aimed at quantifying the number of neurons expressing calcium binding proteins (CaBPs) were conducted throughout the central auditory system. Numerous studies, first in rodents (both rats and mice) and then in macaques, have demonstrated that the number of neurons expressing CaBPs changes across the lifespan at multiple levels of the ascending auditory pathway (58) (59) (60) (61) (62) (63) (64) (65) (66) . In rodents, there are contradicting reports as to whether CaBP density increases or decreases with age; however, every study in the macaque has reported age-associated increases in the number of auditory neurons expressing these proteins (Fig. 3A) . Since most CaBPs operate as intracellular calcium buffers (67), the greater expression of these proteins in the auditory system of older animals has been proposed to reflect cellular response mechanisms to the potentially pathophysiological environment associated with greater calcium levels. In fact, the density of CaBP-expressing neurons has been found to be significantly associated with higher acoustic thresholds and fewer inner and outer hair cells at the level of the cochlea in macaques (58, 59, 65) ( Fig. 3 B-D) . These observations indicate that neurochemical changes occur within the central auditory system in response to a reduced acoustic drive from the periphery. Thus, a potentially promising therapeutic avenue to attenuate the effects of central auditory system aging may be to focus on reducing calcium levels in this system. This might be achieved either by finding a means to abolish hyperexcitability or by enhancing built-in cellular mechanisms that aged auditory neurons appear to employ to help maintain a healthier intracellular state in the face of pathophysiology elsewhere in the system.
Research aimed at uncovering therapeutic approaches to alleviate the impact of presbycusis necessitates an animal model with an auditory system that anatomically and functionally approximates that of humans as closely as is possible. Both nonhuman primates and rodents have been used for these purposes, although critical species differences between the 2 species make monkeys a far superior animal model of the human auditory system. Among others, 2 differences will be discussed here: 1) distinct CaBP expression patterns of auditory neurons and 2) distinct hearing ranges between rodents and macaques.
With respect specifically to a calcium homeostasis approach, there is evidence that CaBP expression differs considerably between the auditory systems of primates and rodents. In macaques, 2 parallel ascending pathways that can be distinguished by immunohistochemical labeling of the CaBPs parvalbumin and calbindin traverse through the auditory system. Functional anatomical work has shown that neurons belonging to each pathway participate in vastly different aspects of acoustic processing, with the parvalbumin-rich direct pathway primarily acting as an information-relay system and the calbindin-rich indirect pathway acting more as a modulator (68) . Critically, rodents do not appear to have these chemically defined parallel auditory pathways since the auditory thalamus of rats is almost completely devoid of parvalbumin and lacks calbindin in many areas where it is clearly expressed in primates (69, 70) . Interspecies differences in the chemical composition of different brain regions highlight that not all aspects of brain physiology are the same across species. It becomes especially critical to use animal models that possess brains with chemical compositions similar to those of humans when potential therapies depend on targeting genetically defined cell types.
Perhaps the most important interspecies difference between rodents and primates with respect to presbycusis research is their vastly different hearing ranges. In particular, the human audiogram to 60-dB tone stimuli ranges roughly from 31 Hz to 17.6 kHz, and macaques show an acoustic range between 28 Hz and 34.5 kHz when given tones of the same intensity (71). Conversely, the domestic mouse cannot hear 60-dB tones below 2.3 kHz and can hear up to 85.5 kHz (71). These profound discrepancies in acoustic sensitivity between mice and primates are reflected by interspecies differences in auditory system anatomy. One location along the ascending auditory pathway where these interspecies differences are clear is within the superior olivary complex (SOC) in the ventral brainstem. The SOC is the first site of binaural integration in the auditory system, and is critical in computing the interaural time, intensity, and phase differences necessary for sound source localization in azimuth (72, 73) . Interaural time differences are the primary cue used to localize lower frequency sounds, and these computations primarily involve the medial superior olivary (MSO) nucleus (74, 75) . Localization of higher frequency sounds occurs primarily through interaural intensity difference calculations in the lateral superior olivary (LSO) nucleus (74) (75) (76) (77) (78) . Based on acoustic sensitivity, the auditory system of mice should utilize calculations of interaural intensity differences in the LSO more so than the primate auditory system, which should utilize interaural time difference calculations in the MSO to a greater extent. In fact, mice and rats have a reduced MSO and more pronounced LSO compared with both macaques and humans, indicating that the anatomical representation of different auditory regions is unique to a species' acoustic range ( Fig. 4 ). Anatomical differences like these highlight the fact that sensory systems develop to process species-relevant information, and that differences in sensory transduction ranges will be reflected in the basic structure of an animal's nervous system.
Auditory Processing Deficits Are Selectively Associated with Medial Temporal Lobe Mnemonic Function and White Matter Connectivity in Aging Macaques
A relatively understudied aspect of brain aging is the impact that sensory decline has on cognitive function in older people.
Despite evidence dating back several decades to suggest that individuals with poorer sensory function are more likely to have cognitive problems later in life, the neurobiological processes responsible for these associations have not been a subject of intense research (79) (80) (81) (82) . More recently, the impact that hearing loss, in particular, has on cognition has reemerged as a topic of research interest. This is largely due to evidence from large longitudinal studies that individuals with poorer acoustic function are at a higher risk of developing age-related cognitive decline and dementia (83, 84) . A few functional imaging studies in older humans have shown compensatory recruitment of certain auditory, frontal, and temporoparietal brain regions when older people listen to human speech, even in subjects with clinically normal hearing thresholds (85) (86) (87) (88) (89) . These observations indicate that the brains of older people functionally reorganize themselves to preserve auditory perception.
Recent work utilizing aging macaques provides a perspective on the association between auditory and cognitive function across the lifespan (90) . Adult and aged macaques completed a battery of behavioral tests designed to probe the function of distinct aspects of frontal and temporal lobe-dependent cognition. Older monkeys were impaired relative to adults on some, but not all, of the cognitive functions tested in the battery, indicating that distinct aspects of cognition operate partially independent of one another in aged macaques, as is the case in older humans (91) (92) (93) (94) (95) . This observation highlights a major challenge in cognitive aging research of understanding each individual's unique behavioral and neurobiological profile. The same monkeys underwent electrophysiological assessments of auditory thresholds, auditory system temporal information processing, and visual system temporal information processing. Older monkeys showed drastic auditory processing deficits relative to adults despite auditory thresholds and visual system function not being different between age groups. These observations indicate that, like cognitive function, not all aspects of sensory function are equivalently impacted by the aging process in macaques.
The acquisition of multiple estimates of cognitive and sensory function within the same group of monkeys allowed an assessment of whether specific cognitive and sensory domains changed independent of one another or in tandem (90) . Visual information processing and auditory thresholds were not associated with any aspect of cognition tested. Superior auditory processing, however, was related to better overall cognitive function. Critically, only specific cognitive functions tested drove the association between better auditory processing and higher overall cognition. In particular, superior auditory processing was associated with better performance on tests of concurrent reversal learning, object recognition memory, and discrimination of objects with high feature overlap, but not with performance on tests of reward devaluation, spatial short-term memory, or object discrimination. Based on previous lesion studies in macaques, the 3 tasks associated with auditory processing all require the integrity of medial temporal lobe brain structures, whereas the tasks in this battery that require frontal and occipital cortex integrity were not associated with auditory processing. Together, these observations indicate that auditory processing abilities functionally covary specifically with aspects of cognition driven by medial temporal lobe networks, regardless of auditory acuity.
Diffusion tensor imaging analyses of frontal cortex-and medial temporal lobe-associated white matter microstructural condition were performed in the same monkeys to determine whether sensory and cognitive processing abilities are associated with the structural composition of these cognitive circuits. Monkeys with greater fractional anisotropy in the fimbria-fornix ( Fig. 5A ) and hippocampal commissure, both fiber tracts associated with hippocampus connectivity, were better able to discriminate stimuli with overlapping features, a cognitive process known to require medial temporal lobe circuits. The animals with better discrimination abilities and measures of medial temporal lobe tract fractional anisotropy also had higher auditory processing capacities ( Fig. 5B ) and lower acoustic thresholds (Fig. 5C ). Importantly, auditory processing abilities were not associated with the microstructural condition of white matter in the frontal thalamic radiations ( Fig. 5 D-F) or anterior commissure. This suggests that the relationships between the fractional anisotropy of hippocampusassociated white matter tracts and hearing function were not due to general changes in white matter systems across the aging brain. Together, these diffusion tensor imaging data indicate that auditory processing abilities and medial temporal lobe-dependent cognition become associated across an animal's lifespan due, in part, to differential structural alterations to white matter in the temporal versus frontal lobes.
An important consideration in interpreting these data is that auditory information processing in the primate forebrain primarily occurs along the dorsal and lateral banks of the superior temporal gyrus (9, 96) . Thus, the striking specificity by which anatomical connectivity, auditory physiology, and cognitive outcome measures covaried across the lifespan in this study indicates that normative aging impacts neural networks contained within the temporal lobe more similarly than circuits residing in other brain regions (i.e., between the frontal and temporal lobes in this study).
A number of factors may drive the observed associations between white matter composition of specific brain regions and sensory and cognitive function during aging (90) . First, it might be the case that embryological and developmental differences between the frontal and temporal lobes predispose each region to succumb to distinct risk factors associated with brain aging. For example, inhibitory interneurons destined for the frontal lobes are enriched with different combinations of transcription factors during development than those destined for the temporal lobes (97). Second, differential patterns of age-related neurovascular dysfunction between different brain regions also could bias circuits contained within a lobe to experience comparable physiological consequences associated with poorer vascular health. Under this hypothesis, the efficacy of neural circuits in relatively close proximity might become similarly impacted by vascular Frontal radiation FA was also not associated with ABR thresholds. Together, these findings indicate that auditory function is specifically associated with the structural composition of medial temporal lobe-associated, but not frontal lobe-associated, white matter.
aging. In support of this idea, there is evidence that occlusions of distinct cerebral arteries result in different patterns of cognitive dysfunction, indicating that there is some level of regional specificity in the impact of a given vascular insult (98) . Finally, another possibility is that the extent of neuronal connectivity between regions may determine the degree to which brain functions covary across the lifespan through mechanisms associated with hyperexcitability or changes in synaptic function. Critically, these hypotheses are not necessarily mutually exclusive, and each remains to be verified or ruled out.
Currently, most frameworks for understanding function in aging brains consider different cognitive and sensory operations in isolation from one another rather than taking into consideration the fact that different brains systems interact and influence each other's functioning. The results discussed here call for a shift in focus in cognitive aging research toward understanding how different brain functions impact one another across a lifespan. Comparative approaches to understanding brain aging in humans, using nonhuman primates, will be critical for gaining a more complete understanding of the fundamental principles by which neuronal networks compensate for and adapt to patterns of functional decline that arise uniquely in older individuals.
Conclusion
Nonhuman primates provide the animal model that is closest to humans and remain an important bridge for testing the veracity of discoveries effective in rodents when clinical applications of these are being considered for human testing. Macaque monkeys, in particular, have been the predominant nonhuman primate model in neuroscience, although relatively recent advances in transgenic technologies for use in marmosets (99-101) have rapidly established this anthropoid as a promising additional nonhuman primate tool. With respect specifically to brain aging research, it will be critical to objectively determine whether the advantages associated with the novel experimental tools that marmoset research can provide outweigh the potential disadvantages of reduced gyral complexity and increased phylogenetic distance from humans (102) . Furthermore, given the rich literature base on cognitive and sensory aging in the macaque that does not yet exist in the marmoset, combined with major advances in fast gene-editing technologies such as the CRISPR/ Cas9 system (103), a parallel approach may be to expand the suite of tools available in the marmoset to macaques in order to take advantage of these past advances.
As societies worldwide continue to achieve longer life expectancies, it is becoming more critical to devise strategies to maintain sensory and cognitive health to reduce the burden of declines in function for older individuals themselves, as well as the impact that this has on their families. Nonhuman primates will be a critical component to the future of brain aging research since many aspects of cognitive aging simply cannot be properly modeled in other laboratory animals. As ethical debates continue to surround this work, the time has come for scientists, physicians, caretakers, and policy makers to engage in a dialogue, both among themselves and with the general public, directed toward devising the best and most humane nonhuman primate research models to achieve the common goal of optimizing cognitive health throughout life.
